Abstract-Relay-based cooperative communication has become a research focus in recent years because it can achieve diversity gain in wireless networks. In existing works, network coding and the two-path relay scheme is exploited to deal with the increase in network size and the half-duplex nature of relay, respectively. To further improve bandwidth efficiency, we propose a novel cooperative transmission scheme which combines network coding and the two-path relay scheme together in the multi-source system. Due to the utilization of two-path relay, our proposed scheme achieves full-rate transmission. Adopting complex field network coding (CFNC) at both the sources and the relays ensures that symbols from different sources are allowed to be broadcasted in the same time slot. We also adopt physical-layer network coding (PNC) at the relay nodes to deal with the interrelay interference caused by the two-path relay. With careful process design, our scheme can achieve the ideal throughput up to 1 symbol per source per time slot (sym/S/TS). Furthermore, the theoretical analysis provides a method to estimate the symbol error probability (SEP) and throughput in complex additive white Gaussian noise (AWGN) and Rayleigh fading channels. The simulation results verify the improvements achieved by the proposed scheme.
High-Throughput Cooperative Communication with
Interference Cancellation for Two-Path Relay in Multi-Source System I. INTRODUCTION B ASED on the fact that it is difficult to pack multiple antennas per terminal due to the limited physical space, relay-based cooperative communication has received a great deal of attention. It can extend coverage and achieve spatial diversity gain in wireless communication networks. However, due to the increase in network size and the half-duplex nature of relay, traditional relay schemes are bandwidth inefficient. Two methods were proposed to address this bandwidth bottleneck:
1) Network coding: Physical-layer network coding (PNC) was proposed in [1] to map superposition of electromagnetic signals to simple Galois field GF(2 n ) additions of digital bit streams. In [2] , Galois field network coding (GFNC) was applied to wireless communication networks to enhance bandwidth efficiency. Afterwards, Wang and Giannakis developed a novel cooperative approach based on complex field network coding (CFNC) [3] , which makes it possible for the sources to broadcast symbols in the same time slot (TS) and on the same resource blocks (RBs) after symbol-level operations are done at the physical layer. Deploying CFNC, a cooperative network with N S sources offers a throughput as high as 1/2 symbol per source per time slot (sym/S/TS), relative to 1/(2N S ) sym/S/TS in traditional cooperative system and 1/(N S + 1) sym/S/TS in GFNC-based cooperative system. Hence, CFNC has been applied to diversify cooperative networks [4] - [7] .
2) Two-path relay scheme: Relays usually work in the halfduplex mode, where a transmission process often requires two TSs for the relay to receive the signal and then forward it respectively, which results in a loss in spectral efficiency. To overcome this, in [8] and [9] , a spectrally efficient cooperative scheme named two-path successive relay was proposed. As illustrated in Fig. 1 , at each TS, the source S sends its symbol to one of the relays and the other relay forwards the symbol received from S at the previous TS. Therefore, only (L + 1) TSs are required to transmit L symbols from S to D. However, this two-path relay scheme results in inter-relay interference (IRI), which is marked as the red lines in Fig. 1 . As long as the IRI is canceled, we can double the transmission rate without much sacrifice in terms of symbol error probability (SEP). In [10] , network coding at relay nodes was applied to achieve inter-relay interference cancellation (IRIC). In [11] , full interference cancellation (FIC) was proposed, which requires complicated signal detection. The orthogonality of the real part and the imaginary part of the symbol was exploited to distinguish the information and interference in [12] . More researches on two-path relay in recent years can be found in [13] [14] .
Both of the methods mentioned above have improved bandwidth efficiency and throughput of relay-based communica-tion. Network coding deals with the increase in network size while two-path relay overcomes the half-duplex nature of relay nodes. Although CFNC allows simultaneous transmissions from all the sources, 2L TSs are required to complete the transmission of L symbols for each source due to the halfduplex nature of relay. On the other hand, existing works on two-path relay only consider single-source models. With the increase in network size, the single-source models in [10] - [14] cannot be directly generalized to multi-source systems with simultaneous transmissions from the sources.
Therefore, in order to further improve bandwidth efficiency, we propose a novel transmission scheme based on twopath relay in multi-source wireless networks. Our scheme combines network coding and the two-path relay together in a (multi-source, 2-relay, 1-destination) system. To allow simultaneous transmissions from all the sources, CFNC is used before transmission. With the help of two-path relay, full-rate transmission of multi-source system is achieved. We use physical-layer network coding at relay nodes to deal with the IRI caused by the two-path relay and the interference is successfully canceled at destination. Only L + 1 TSs are needed to send L symbols from each source. Compared with CFNC, our proposed cooperative transmission in (N S , 2, 1) system achieves an ideal throughput as high as 1 sym/S/TS, twice as high as that of CFNC in [3] . Compared with [10] - [14] , a multi-source model, rather than a single-source, is introduced to the two-path relay system without requiring any additional TSs and resource blocks. Besides, theoretical analysis and simulation results also demonstrate the performance improvement of our scheme.
The rest of this paper is organized as follows: Section II depicts the system model. Section III details the proposed transmission scheme and Section IV illustrates the IRIC algorithm. The theoretical analysis of the SEP and the throughput is presented in Section V. In Section VI, simulation results are given to verify the improvements of throughput in different scenarios. Finally, Section VII summarizes the paper.
II. SYSTEM MODEL As illustrated in Fig. 2 , we consider a two-path relay cooperative system that consists of multi-sources (S 1 , S 2 , ..., S NS ), two relays (R 1 , R 2 ) and a destination (D). One of the applications of this system is that it can be adopted by the uplinks in cellular networks to improve transmission reliability for celledge users, shown in Fig.2(b) . Apart from extending coverage and achieving diversity gain, relay-based cooperative scheme could also reduce the required transmit power at sources, which leads to lower inter-cell interference. Due to lower transmit power at the sources, we consider that the direct links between sources and destination (S-D) do not exist. All the sources broadcast their modulated symbols on the same RB in the same TS. Two relay nodes, working in the half-duplex mode, take turns to detect-and-forward (DF) the received symbols to the destination. Relay nodes also employ the same RB, which results in the IRI. Channel coefficients between S i and R m , R 1 and R 2 , R m and D are denoted by h SiRm , h 12 and h RmD where i = 1, 2, ..., N S and m = 1, 2. According to [15] , when the coherence time of the channel is much greater than the symbol period, channel reciprocity (CR) 
which allows simultaneous transmissions from multiple sources. Among the different choices for Θ T , we take it to be any row of the Vandermonde matrix:
This design is related to the linear complex field (LCF) encoder given in [16] .
For simplicity first we introduce (2-source, 2-relay, 1-destination) system as follows:
A. (2, 2, 1) system
Without losing generality, we assume that at time slot n, symbols from different sources are received by R 1 while R 2 forwards the symbol received at previous TS. At time slot n + 1, sources' symbols are sent to R 2 and R 1 forwards the previously received symbol to D, as shown in Fig. 3 .
Time Slot n:
and
denotes the modulated digital symbol sent by source i at TS n (i = 1, 2 and n = 1, 2, ..., L). At the same TS, R 2 sends the recoded signal received at the previous TS n − 1 to D. Therefore, the received signal at R 1 and D are respectively given by
We use subscript r to denote that symbols are sent by relay nodes. Hence θ 1 x
2r is the symbol sent by R 2 at TS n after PNC, which will be illustrated in the next section. All the symbols x
ir transmitted by sources and relays are drawn from a finite alphabet A x with cardinality |A x |, which is determined by the modulation mode. Maximum likelihood (ML) detection is performed at R and D as
where θ 1 and θ 2 are used to identify the symbols from S 1 and S 2 respectively. If there is no interference (x
1r and x (n) 2r ), relay node is able to recover x (n) 1 and x (n) 2 [3] . But, due to the IRI, the relay determinesx
We adopt PNC to deal with this interference. The core idea of PNC is encoding two sources' symbols at the relay and decoding at the destination [1] . In our scheme, the combinations of desired symbols and interference (x 
2r ) as the symbols that R 1 needs to forward in the next time slot.
Time Slot n + 1:
, which are received by R 2 . At the same TS,
to D. The received signal at D is given by
and the ML detector at D can be expressed as
For detection of the sources symbols, x
2 , we introduce another many-to-one function g :
According to the symbols detected at TS n and n + 1, given by (4) and (6), sources symbols can be recovered by
The original symbol x
D stored at D, all the sources' symbols can be recovered through (7). The key issue is that whether the function f and g are able to successfully cancel the inter-relay interference (IRI), which will be detailed in the next section.
B. (N S , 2, 1) system
The transmission scheme can be generalized to the multisource (N S , 2, 1) networks where N S ≥ 2.
Time Slot n: According to the previous definition of x and Θ T , the I/O relationships are
where
T denotes the symbols sent by relay at TS n before multiplied by Θ T . Using ML detection at the relay, the symbol that the relay is required to forward in the next TS is generated as x
T . Time Slot n + 1: N S sources continue to broadcast symbols and
to D [17] . The received signal at D is given by
after which x
can be obtained at D by:
Therefore, havingx
that was estimated at last TS, each original symbol
Finally, N S sources successfully send L × N S symbols during L+1 TSs. As long as the destination stores current and former estimated symbols (x
(n) can be recovered through (12) . Such transmission scheme achieves a throughput of L/(L + 1) sym/S/TS after the IRI cancellation (IRIC). When L is large enough, the ideal throughput reaches 1 sym/S/TS.
IV. IRI CANCELLATION WITH PNC
Based on the discussion in the previous section, the symbols received by a relay from the sources are interfered with the signal from the other relay. We introduce PNC to deal with the interference which does not allow the relays to extract the symbols transmitted by the sources. We use function f at the relay nodes and function g at the destination for IRI cancellation (IRIC). Sincex
ir )), the most straightforward method is making use of the fact that b ⊕ a ⊕ b = a where ⊕ denotes bitwise exclusive OR (XOR) operation. Hencex
To clearly illustrate the IRIC scheme, we simplify it by using h link ≡ 1. Without losing generality, all sources and relays adopt the same modulation mode (i.e.
., L)).
However, the symbols transmitted are Θ T x = s, rather than x. Satisfying the condition for one-toone mapping between x and s, N S sources generate M NS points in the constellation of s where M = |A x |. Linear growth of N S leads to exponential growth of the cardinality of s. Therefore, we mainly consider modulation modes with low M such as BPSK (M = 2) and QPSK (M = 4), in order to achieve better anti-noise performance in a multisource system.
A. BPSK modulation
BPSK modulation generates two points in the constellation for x. Regardless of high frequency carrier, the baseband digital symbol can be expressed as A x = {1, −1} and M = |A x | = 2. Under the assumption that h link ≡ 1, the symbols detected by relay at TS n are x
The estimated symbol is given by
Hence we can express the function f as At
T is relayed to D. After detectinĝ
, together withx (n) r stored at TS n, another XOR operation is performed through (13) . In order to recover x
It is clear from (13) that IRIC is completely successful and original symbols from sources are recovered at the destination. The difference between multi-source system and single-source system is the dimension of vector x, among which pairwise dimensional components are independent and separated by Θ T NS×1 corresponding to the N S sources. Therefore, without losing generality, taking 2-source system as an example, a complete transmission process is presented in Table II . The symbols in the last column are exactly same as the original symbols listed in the second column. Therefore, IRIC is completely achieved at the destination. 
B. QPSK modulation
as the combination of two BPSK symbols: the in-phase and the quadrature-phase components. Estimated symbols (x
ir are not separable, the in-phase component {x
ir } and the quadrature-phase component {x
ir } can be easily separated. Therefore, it is not necessary to change the definitions of f and g employed in the BPSK modulation. The PNC operations at the relay can be expressed as
At TS n+1, after the detection ofx (n+1) r , together withx (n) r stored at TS n, another XOR operation on separate in-phase and quadrature-phase components of the received symbols is performed througĥ
(18) Table III shows the transmission process of 2-source system with QPSK modulation. Similar to that of BPSK modulation, applying the same f and g at relay and destination respectively, the symbols from sources are successfully recovered and the entire transmission process is IRI free.
C. General PNC process
In practice, higher order modulation modes might be used, such as 16-QAM, 64-QAM [18] and so on. Apart from BPSK and QPSK modulation, our scheme can be extended to other modulation methods with different definition of f and g to achieve PNC mapping. To summarize, a general PNC process consists of the following steps: 1) Relay performs many-to-one modulation mapping for each source
2) A signal to be forwarded by the relay is constructed:
The f and g functions may vary based on different modulation modes, which are detailed in [1] . Now we consider a more practical system for flat slow fading channels. We assume that CSI is available at the receiver nodes. At TS n, relay node R 1 is aware of the CSI of link S-R:(h S1R1 , h S2R1 , ..., h SN S R1 ) and the CSI of link R-R:h 12 . Hence, (3) can be generalized to N S -sources system, expressed as
We still mainly considerx
ir . The symbol corresponding to the source i that the relay has to forward can be obtained through f (x (n) i +x (n) ir ). The IRIC at D can be done using the same algorithm discussed above. In general, the total transmission process is similar to that of the system free from channel fading.
V. LOWER BOUND FOR SYSTEM THROUGHPUT
In this section, we analyze the throughput performance for the (N S , 2, 1) system as described above. To prove that the proposed transmission scheme with IRIC can achieve 1 sym/S/TS under ideal circumstance, we assume that h link ≡ 1. All the AWGN w ∼ CN(0, N 0 ) . Both sources and relays adopt the same modulation mode, i.e., A x with M = |A x |. 
A. SEP of R-D link
In this subsection, we consider the SEP performance of R-D link. In traditional transmission procedure with singlesource, the SEP of source symbol x a (x a ∈ A x ) can be calculated as
where P {x a → x b } denotes the pairwise error probability of mistaking x b for x a . However by deploying CFNC in multisource system, the transmitted symbol is Θ T x = s, which contains the information from all sources. N S sources generate M NS points in the constellation of s. However, the incorrect detection of s does not represent the error of all sources' symbols [x 1 , x 2 , ..., x NS ]. As an example to explain the idea, we assume N S = 2 and BPSK (M = |A x | = 2) modulation for senders. Let θ 1 = 1 and θ 2 = j, as illustrated in Fig. 4 . M NS = 4 points exist in the constellation of s. Without losing generality, we assume that the sources symbols are drawn from {−1, 1}, and thus s = θ 1 × (−1) + θ 2 × 1, marked in the constellation. Even if the detectedŝ = s, for examplê s = θ 1 × 1 + θ 2 × 1, equivalent tox = [1, 1] , from which one of the two sources' symbol is successfully recovered. Let random variable ξ denote the number of symbols failed to be recovered N S sources. Therefore, the probability distribution of ξ (0 ≤ ξ ≤ N S ) is given in Table IV where P e denotes the SEP of s a . The probability P e−k (k = 1, 2, ..., N S ), denoting k of N S symbols failed to be recovered at receiver, is given by
indicates the zero-norm which denotes the number of nonzero elements of x a − x b . Hence, the SEP of R-D link for each source can be expressed as
where E{ξ} is the mathematical expectation of ξ. For any given constellation, the SEP in AWGN channel can be estimated by union bound [19] :
where N 0 is the noise power spectral density of the channel and d
(s)
ab denotes the Euclidean distance between s a and s b in the constellation for s. We assume the uniform distribution of s due to one-toone mapping between s and x, i.e. P {s a } = 1/|A s | (a = 1, 2, ..., |A s |). Based on (23), P e−k is given by
according to which (22) can be rewritten as
B. SEP of S-R link
In this subsection, we consider the SEP of S-R link. Without losing generality, we set N 0−SR = N 0−RD = N 0 . Links are free from channel fading and the signal received at R is the superposition of each node's symbol. The transmissions from N S sources and one of the relays to the other relay can be treated as (1-source, 1-relay) link where the symbol sent by the equivalent source is Θ T (x + x r ). Therefore, the analysis for R-D link can be applied to the derivation of SEP for S-R link. However, one of the differences between S-R and R-D link is that the symbol is Θ T (x + x r ) = Θ T z, rather than Θ T x. Let y = Θ T z. The most significant difference between s and y is that any s a ∈ A s appears with equal prior probability due to one-to-one mapping from x given that each symbol in A x has the same prior probability. However, the prior probability of y a ∈ A y varies due to many-to-one mapping (x, x r ) → (x + x r ). For instance, deploying BPSK modulation, A z = {−2, 0, 2} with corresponding probabilities of 0.25, 0.5, 0.25, respectively. Therefore, when calculating P e−k , (24) can be rewritten as
where P {y a } is the priori probability of y a and d
(y)
ab denotes the Euclidean distance between y a and y b in the constellation for y. Hence, the SEP of S-R link is given by
(27)
C. Lower bound for throughput with CFNC
Traditional CFNC [3] requires 2L TSs to transmit L continuous symbols: at odd TSs, sources send symbols to relays; at even TSs, relay nodes forward the symbols to D while sources remain silent. Since we have P e−SR and P e−RD , the throughput of S-R-D with traditional CFNC can be estimated by = x b ) ). Therefore, P is given by
Under the assumption that N 0−SR = N 0−RD = N 0 , we have P e−RD = P e−SR since no IRI in traditional CFNCbased scheme, which results in
Hence, we achieve the lower bound for throughput (see Appendix for the proof) according to (25) and (29):
(30)
D. Lower bound for throughput with proposed scheme
Then, we consider the throughput of the proposed transmission scheme with IRIC. According to (12) , the detection of original symbols depends on the current signal received at D and the signal arrived at former TS as well. Besides, at the first TS, there is no IRI at R 1 since R 2 keeps silence, which is equivalent to traditional CFNC scheme. Hence, the SEP of the symbols transmitted at TS n (1 ≤ n ≤ L) can be expressed as
TSs are required to transmit L symbols for each source. Therefore, the throughput of proposed transmission scheme with IRIC is given by
When L → ∞, we have
where the first term (1 − P e−SR )(1 − P e−RD ) 2 indicates that the respective symbol is successfully transmitted from sender to receiver without errors in each link (i.e. R −→ D). P denotes the probability that incorrect decisions occur at least twice among all three links while the source's symbol can still be recovered by D. The calculation of P is divided into two cases:
. Similar to the analysis on traditional CFNC, the probability of case 1 can be expressed as
Similar to (29), P is
2) case 2: Transmission errors occur in
Nr in R-D link at TS n. In order to recover x (n) N which is simultaneously sent by sources at TS n, the symbol x
Nr and x (n+1) Nr are the correct symbols supposed to be detected by D. Hence, the probability of case 2 can be expressed as
where s a is the correspondence to x ar = [.. ., x aN r , ...] T . In (37), y b = s a + s b and s k is the correspondence to x kr = [.. ., x kN r , ...] T , which satisfies x N = g(x aN r , x kN r ). Replacing P {· · · } with Q(· · · ), P case−2 is given by
According to (25),(27),(35) and (38), we defineP e−RD , P e−SR ,P andP case−2 as the bounds for P e−RD , P e−SR , P and P case−2 respectively by replacing P {· · · } with Q(· · · ). Besides, P case−1 = (1 − P e−RD ) · P . Let
Based on the fact that P = P case−1 + P case−2 , we obtain the lower bound for T new :
and the proof of "≥" is similar to the derivation of CFNCbased scheme.
In non-fading AWGN channels, the union bound for SEP, obtained from (23), approaches the actual value. Therefore, the lower bounds can be the approximations of practical throughput, especially in high SNR regime. When SNR tends to infinity (i.e. N 0 tends to zero), the SEPs tend to zero and we can achieve
T new = lim
from which the throughput of 1 sym/S/TS is verified.
E. Practical system with Rayleigh fading channels
Now we consider a more practical system where the channels are assumed to be flat Rayleigh fading. We have 1, 2, ..., N S , m = 1, 2) .
We still first analyze the R-D link, where the transmitted symbol is h RmD Θ T x r . Each vector's length in the constellation of s is multiplied by |h RmD | which follows Rayleigh distribution. Therefore, P {s a → s b |h RmD } can be expressed as
where d
ab denotes the Euclidean distance between s a and s b in AWGN channel. According to Chernoff bound [20] , we acquire
Probability density function (pdf) of Rayleigh distribution is
Besides, the phase of h RmD follows uniform distribution on interval [0, 2π] and is independent of the distribution of |h RmD |. Hence, let v mD = |h RmD | and ∠h RmD = α, we can acquire
Replacing
(P e−R1D + P e−R2D ) owing to the equivalence of two relays.
Then, we consider the SEP performance of S-R link. Regardless of noise, the signal received by relay is
Then, (27) can be rewritten as
ab denotes the Euclidean distance betweenỹ a andỹ b . Since all channels are independent of each other, we have where
The phases of channel coefficients are ∠h SiRm = α im and ∠h 12 = α 12 . In addition, with (48), the SEP bound for S-R link (47) can be achieved by calculation. The subsequent analysis of throughput is the same as that in AWGN channels, based on P e−SR and P e−RD . The performances of our proposed scheme in Rayleigh fading channels through simulations are presented in the next section.
VI. SIMULATION

A. Simulation Setup
We apply the transmission scheme to the uplinks in cellular network and the simulation parameters are configured according to the 3GPP LTE specifications [21] [22] and specific parameters related to such transmission scheme as well, which are shown in Table V .
Two scenarios of channel are considered: AWGN channel and Rayleigh fading channel. The design of Θ T is the same as the description in section III. Through ML detection, symbols are detected at both relay nodes and the destination. Assuming that the noise power spectral density N 0 remains unchanged during the entire transmission process, Q is the Euclidean distance between s a and s b in the constellation where E{||s|| 2 = 1} (i.e. transmit power is normalized to be 1). Given modulation mode, the number of the sources (N S ) and the design of Θ T , the throughput is only determined by SNR. We still assume N 0−SR = N 0−RD = N 0 . Therefore, we mainly consider the performance of SEP and throughput in various scenarios for practical SNR values. Additionally, since the linear growth of N S leads to exponential growth of cardinality of Θ T x and Θ T (x + x r ), which results in deterioration of SEP and throughput, we mainly consider the systems with 2-source and 3-source. To verify the improvements in performance and illustrate the difference between 2-source and 3-source, the throughput in this section is defined as the number of successfully transmitted symbols from all the sources per TS (sym/TS), rather than sym/S/TS.
B. Results and Discussions
Firstly, we compare the performance between proposed scheme and traditional CFNC scheme. CFNC [3] needs two TSs to complete one transmission. In our proposed scheme, with two relays alternatively forwarding the symbols to D, only (L + 1) TSs are required to transmit L symbols. BPSK modulation is adopted for all nodes. We evaluate the throughput performance for (N S , 2, 1) systems in AWGN channels. In Fig. 5 and Fig. 6 , the average throughput of proposed scheme based on two-path relay with IRIC in (2, 2, 1) and (3, 2, 1) systems is compared with that of traditional CFNC. Even when SNR is as low as -5 dB, the throughput of new scheme is higher than the upper limit of traditional CFNC. With the increase of SNR, the throughput of proposed scheme approaches the upper limit, which is 2 sym/TS in 2-source system while 3 sym/TS in 3-source network. Furthermore, we calculate the theoretical values of throughput based on (30) and (40), marked as Theory, and compare them with the simulation values under different SNR. To clearly investigate the accuracy of the lower bound derived above, SNR varies from 5 dB to 30 dB due to large scale of constellation for 3-source system. It can be observed that the theoretical values and the simulation values are almost identical in high SNR regime, which verifies the derivation in Section V. Moreover, the theoretical values demonstrate that even the lower bounds achieve N S sym/TS, not to mention the actual values. Then, we consider a more practical system where the channels are assumed to be flat Rayleigh fading. Although the throughput decreases compared with that in AWGN channels due to channel fading, the new scheme can also reach the upper limit in high average SNR regions, as shown in Fig. 7 .
Secondly, throughput comparisons for various SNR settings in Rayleigh fading channels are given in Fig.8 . The relay nodes are always located between sources and destination, so S-R or R-D link achieves better link quality than that of direct link S-D. Link quality can be represented by SNR. Since R is located either close to sources, close to D or not close to both, we set corresponding SNRs (γ SR , γ RD ) in logarithmicscale are (SNR+10 dB, SNR), (SNR, SNR+10 dB) and (SNR, SNR), respectively. According to the simulation results, the relays close to sources (SNR+10 dB, SNR) are supposed to have high-priority in relay selection, especially in high SNR regime. Furthermore, better link quality of S-R requires lower transmit power at sources, which reduces inter-cell interference caused upto cell-edge users.
A novel transmission scheme based on precoder design is proposed in [7] , which also achieves a symbol rate as high as 1 sym/S/TS regardless of noise and interference. During traditional transmission process, the symbol is transmitted one by one separately. In [7] , source's symbol transmitted in channel is the superposition of two original modulated symbols, which doubles the ideal throughput. Therefore, we evaluate the performance of symbol error probability (SEP) between our new scheme and the scheme proposed in [7] , shown in Fig. 9 and Fig. 10 . Although the scheme based on precoder design is free from IRI, half of the symbols are detected based on S-D link in [7] . However, the link quality of S-D is worse than that of S-R-D, which apparently deteriorates the whole performance. Therefore, in either AWGN or Rayleigh fading channels, it can be observed that our proposed scheme achieves better SEP performance than what is proposed in [7] .
All the simulations mentioned above are based on BPSK modulation. To check modulation other than BPSK, we test the throughput performance of our proposed scheme adopting QPSK modulation. From Fig. 11 , although many transmission errors occur under low SNR due to large scale of the constellation, the throughput can also achieve the upper limit when SNR is large enough in either AWGN or Rayleigh fading channels.
In general, the simulation results have verified that the throughput of our proposed scheme is able to reach the upper limit (i.e. 1 sym/S/TS). Compared with other method which can also attain 1 sym/S/TS in N S −source system, our proposed scheme achieves better performance.
VII. CONCLUSION
In this paper, we proposed a novel cooperative communication scheme based on two-path relay with IRIC to improve throughput in multi-source wireless networks. The two-path successive relay scheme ensures that the source continuously sends symbol to the two relay nodes alternatively at any TS. Deploying CFNC, the single-source system with two-path relay is generalized to multi-source system, from which all the sources are able to broadcast their own symbols in the same TS on the same RBs. In order to deal with the IRI caused by relays, PNC is applied at relay nodes and IRI is successfully canceled at destination. Theoretical analysis is presented to verify the performance of the proposed scheme. Lower bounds for throughput in AWGN channels and Rayleigh fading channels are given to estimate throughput of such system. The simulation results in various scenarios illustrate that this new scheme achieves higher throughput than that of other schemes in either AWGN or Rayleigh fading channels.
APPENDIX
The proof for (30):
Through (29), we defineP to bê 
where −P e−RD (1 − P e−RD ) ≥ −P e−RD (1 −P e−RD ).
Besides, let P e−RD + Δ RD =P e−RD , P = x b ) . Therefore, it is obvious that Δ RD ≥ Δ P , so is Δ RD − Δ P ≥ 0. Hence, the P − P e−RD in (51) is given by P − P e−RD =P −P e−RD + Δ RD − Δ P ≥P −P e−RD , (54) together with (52), the lower bound for T CF N C is obtained by
The lower bound for T CF N C in (30) is verified. Furthermore, the lower bound for T new can also be verified through similar method presented above.
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